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In this study we developed a multilocus sequence typing (MLST) scheme for bacteria of the Bacillus cereus
group. This group, which includes the species B. cereus, B. thuringiensis, B. weihenstephanensis, and B. anthracis,
is known to be genetically very diverse. It is also very important because it comprises pathogenic organisms as
well as bacteria with industrial applications. The MLST system was established by using 77 strains having
various origins, including humans, animals, food, and soil. A total of 67 of these strains had been analyzed
previously by multilocus enzyme electrophoresis, and they were selected to represent the genetic diversity of
this group of bacteria. Primers were designed for conserved regions of housekeeping genes, and 330- to 504-bp
internal fragments of seven such genes, adk, ccpA, ftsA, glpT, pyrE, recF, and sucC, were sequenced for all
strains. The number of alleles at individual loci ranged from 25 to 40, and a total of 53 allelic profiles or
sequence types (STs) were distinguished. Analysis of the sequence data showed that the population structure
of the B. cereus group is weakly clonal. In particular, all five B. anthracis isolates analyzed had the same ST.
The MLST scheme which we developed has a high level of resolution and should be an excellent tool for
studying the population structure and epidemiology of the B. cereus group.

The Bacillus cereus group comprises the species B. cereus, B.
thuringiensis, B. weihenstephanensis, and B. anthracis, which are
important for economical and/or medical reasons. B. cereus is
a ubiquitous soil bacterium and an opportunistic human patho-
gen that causes contamination problems in the dairy industry
and paper mills. B. thuringiensis is an insect pathogen that is
usually harmless to humans, although human infection may
occur (4, 16); it is used industrially as a source of insecticidal
toxins, often in the form of spore-containing preparations of
crystal protein toxins. B. weihenstephanensis, the most recently
described member of this group, is a psycrophilic bacterium
that was identified as a separate species on the basis of the
sequence of its rRNA genes and cold-shock protein genes (22).
The pathogenic potential of this bacterium is not known, but
the organism carries the same enterotoxin genes that B. cereus
carries (38). B. anthracis is the cause of the acute and often
lethal disease anthrax, and it has acquired particular notoriety
recently because of its potential use in biological warfare and
bioterrorism.

It has previously been demonstrated that B. cereus, B. thu-
ringiensis, and B. anthracis should be regarded as one species
based on genetic evidence (13). This group of bacteria is
known to be genetically highly diverse (11). However, evidence
of a clonal population structure, i.e., a population in which
recombination rates are low and separate lineages are made up
of closely related isolates (clones) that diversify mainly through
mutation, has been found both for clinical isolates of B. cereus
and for some serotypes of B. thuringiensis (2), as well as for B.
anthracis (12, 13), which is one of the most homogeneous

species known, representing basically a single clone (10, 18,
32).

The genetic diversity of the B. cereus group has been studied
by using various methods, including multilocus enzyme elec-
trophoresis (MEE), pulsed-field gel electrophoresis, and am-
plified fragment length polymorphism (3, 11–13, 39, 41). How-
ever, these methods are difficult to standardize between
laboratories, and it is difficult to compare the results for large
strain collections. Thus, our understanding of the population
structure and evolution of the B. cereus group would be greatly
improved by the use of a standardized method for strain anal-
ysis.

Multilocus sequence typing (MLST), which is based on se-
quencing a number of essential or housekeeping genes spread
around the bacterial chromosome, is a method that is unam-
biguous and truly portable among laboratories. Since the initial
development of this technique for Neisseria meningitidis in
1998 (23), MLST schemes have been developed for the most
important bacterial pathogens, including Streptococcus pneu-
moniae (7), Streptococcus pyogenes (8), Haemophilus influenzae
(25), Staphylococcus aureus (6), Campylobacter jejuni (5), En-
terococcus faecium (14), Bordetella pertussis (40), Escherichia
coli (1, 29), and Salmonella (20), and schemes are being devel-
oped for many other species. These MLST schemes have been
used successfully to explore the population structure of bacte-
ria, to study the evolution of their virulence properties, and to
identify antibiotic-resistant strains and epidemic clones. MLST
is a direct adaptation of the MEE method (37). In MEE,
variation in genes that is believed to be selectively neutral is
revealed by differential migration during gel electrophoresis of
the gene products, the proteins. In MLST genetic variation is
observed directly by sequencing DNA from fragments of var-
ious housekeeping genes.
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In this study, we designed an MLST scheme for the B. cereus
group, and to validate the method, we compared the MLST
results with the results obtained by MEE for isolates which
were analyzed previously (11–13). The sequence data were
analyzed in relation to the evolution, phylogeny, and epidemi-
ology of these bacteria.

MATERIALS AND METHODS

Bacterial isolates. A total of 77 bacterial strains of the B. cereus group were
analyzed (Table 1). Sixty-seven of these isolates were chosen to represent the
various lineages identified in a diverse collection of isolates previously analyzed
by an MEE scheme based on 13 metabolic enzymes (11–13). The B. cereus, B.
thuringiensis, and B. weihenstephanensis strains were obtained from the culture
collection of the Biotechnology Centre of Oslo, Oslo, Norway. For B. anthracis,
DNA was obtained from the Pasteur Institute, Paris, France (strain 7700) and
from the Norwegian Institute of Public Health, Oslo, Norway (strain EPI674, a
human isolate [33], and strains NVH87 and NVH93, two animal isolates from
Norway). DNA sequences of B. anthracis Ames were obtained from The Institute
for Genomic Research (TIGR) web site (http://www.tigr.org).

Preparation of DNA. B. anthracis DNA was obtained from the Pasteur Insti-
tute and the Norwegian Institute of Public Health. All B. cereus and B. thurin-
giensis isolates were grown overnight in Luria-Bertani broth at 30°C. A loopful of
cells of each strain was then suspended in lysis buffer (10 mM Tris HCl [pH 8.0],
1 mM EDTA [pH 8.0], 1% Triton X-100) and boiled for 10 to 15 min. After
centrifugation at 16,000 � g for 10 min, the supernatant solution was kept at
�20°C.

Loci. A range of loci encoding housekeeping genes were identified from
preliminary DNA contigs from B. cereus ATCC 14579 (obtained from Integrated
Genomics, Inc., Chicago, Ill.), B. cereus ATCC 10987, and B. anthracis Ames
(obtained from TIGR). Primers were designed for conserved areas in these
sequences, delimiting partial segments within the genes, by using the Primer3
software (35). A total of 13 loci were tested initially, and 7 of these loci, for which
the primer pairs gave PCR products relatively easily for a subset of diverse strains
tested, were selected; the primers used are listed in Table 2.

The seven genes chosen for the MLST scheme were adk (encoding adenylate
kinase), ccpA (catabolite control protein A), ftsA (cell division protein), glpT
(glycerol-3-phosphate permease), pyrE (orotate phosphoribosyltransferase), recF
(DNA replication and repair protein), and sucC (succinyl coenzyme A syn-
thetase, beta subunit). The only locus used in both our previous MEE studies and
the MLST scheme described here is adk. The positional distribution of the seven
loci used for MLST on the chromosome of the type strain of B. cereus, ATCC
14579, are (from the origin of replication, oriC) as follows: recF, 3.3 kb; adk, 137.0
kb; glpT, 651.8 kb; sucC, 3,813.2 kb; pyrE, 3,861.6 kb; ftsA, 3,886.8 kb; and ccpA,
4,611.7 kb. Genomic data are available at http://www.integratedgenomics.com.
The minimum distance between the loci was 24.5 kb. The relative positions are
similar in the B. anthracis Ames genome (31).

Amplification and nucleotide sequencing. The PCR conditions used for the
amplification reactions were as follows. A PCR was performed for 40 cycles with
a 50-�l mixture containing each deoxynucleoside triphosphate at a concentration
of 0.8 mM, each primer at a concentration of 0.4 �M, 50 ng of genomic DNA,
and 1 U of Dynazyme (Finnzymes Oy, Espoo, Finland). An initial denaturation
at 94°C for 5 min was followed by 94°C for 1 min. The primer annealing
temperature for each primer set is shown in Table 2. The annealing time was 1
min, and this was followed by extension for 1 min at 72°C. After 40 cycles, the
reaction was completed by a final extension at 72°C for 7 min.

PCR products were rinsed with an exonuclease-alkaline phosphatase kit (Exo
SAP-IT; USB Corporation, Cleveland, Ohio) as described by the manufacturer.
PCR products were then sequenced with an ABI Prism BigDye terminator cycle
sequencing Ready Reaction kit (v2.0) used as described by the manufacturer,
except that the volume was only one-quarter of the recommended volume. The
primers used to generate the PCR products were used to sequence the DNA on
both strands. DNA sequencing was done with an ABI Prism 377 DNA sequencer
by using 5% Long Rangers (Cambrex, East Rutherford, N.J.).

Data analysis. After electrophoresis, the complementary strands were aligned,
and the sequences were edited by using the AutoAssembler software (PE Ap-
plied Biosystems, Foster City, Calif.). For each gene, the sequence fragments of
the 77 strains were compared, and different sequences were assigned arbitrary
allele numbers (identical sequences were assigned the same allele number). Each
strain was then characterized on the basis of its combination of alleles at the
seven loci, which defined an allelic profile, and distinctive (unique) profiles were
designated multilocus sequence types (STs). The rationale for this approach is

that in the absence of information concerning whether sequence differences are
due to mutation or recombination, the total amount of divergence may not be
suitable for differentiating strains.

Standard MLST statistics (e.g., number of polymorphic sites, allele frequen-
cies) were computed by using the START v1.0.5 software (17). Pairwise ratios of
nonsynonymous substitutions to synonymous substitutions (dN/dS) in sequences
were calculated by using the method of Nei and Gojobori (28) and the START
software.

The index of association (IA) (24), which was an estimate of the degree of
linkage disequilibrium among loci, was computed at the MLST web site (http://
www.mlst.net). The statistical significance of IA was assessed by comparing the
observed variance of IA with the maximum variance obtained from 1,000 ran-
domized data sets.

To assess the genetic relatedness among the strains, a dendrogram based on
the allelic profiles was constructed by using the unweighted pair group method
with arithmetic means (UPGMA) applied to a matrix of pairwise distances,
defined as the percentages of allelic differences between profiles, by means of the
MEGA 2.1 analysis package (21). To improve the discrimination between diver-
gent lineages, similar analyses were conducted after each gene was split into
three segments whose lengths were nearly the same; when dividing the gene
lengths produced decimal values, the smallest integer was used as the segment
length. Allele numbers were assigned independently for each gene region, and
the allelic profiles were then combinations of 21 numbers. Allele assignment and
computation of distance matrices were carried out by using computer scripts
written by one of us (N.J.T.).

Phylogenetic clustering of the strains based on the total numbers of differences
among gene sequences was also performed by using either the UPGMA or the
neighbor-joining (NJ) method (36) and the MEGA 2.1 package. This was done
mainly to study congruence among gene trees and to detect possible recombi-
nation. For NJ trees, pairwise distances between sequences were computed by
using Kimura’s (19) two-parameter model, which takes into account multiple
substitutions at a given site and transition-transversion rate bias. The bootstrap
technique (9) was employed to assess support for the various groups by resam-
pling the sequence alignment 1,000 times.

Nucleotide sequence accession numbers. Nucleotide sequences of the internal
fragment genes used in this analysis have been deposited in the GenBank data
bank under accession numbers AY387859 to AY388397.

RESULTS

Allelic profiles and STs. The lengths of the fragments ana-
lyzed ranged from 330 bp (glpT) to 504 bp (sucC) (Table 3).
The average G�C contents of the different gene fragments
ranged from 34 to 45%. Examination of genomic data for B.
anthracis Ames (from TIGR database [http://www.tigr.org])
(31), B. cereus ATCC 14579 (from the Integrated Genomics,
Inc., database [http://www.integratedgenomics.com]) (15), and
B. cereus ATCC 10987 (D. A. Rasko, J. Ravel, O. A. Økstad,
E. Helgason, R. Z. Cer, L. Jiang, K. A. Shores, D. Fouts, N. J.
Tourasse, S. V. Angiuoli, J. Kolonay, W. C. Nelson, A.-B.
Kolstø, C. M. Fraser, and T. D. Read, unpublished data) re-
vealed that this range was greater than the range observed for
the complete gene sequences (35 to 40%). However, the values
were still within the range of G�C contents computed for the
whole gene sets in these genomes. For each gene, the nucleo-
tide frequencies were nearly identical among the strains.

The sequences had from 9% (ftsA) to 26% (glpT) variable
sites, which resulted in 25 to 40 distinct alleles for the different
loci (Table 3). The average number of alleles per locus was
33.9. No insertions or deletions were observed in any of the
sequences. All of the average dN/dS values shown in Table 3
are much less than 1, indicating that most of the sequence
variability identified is selectively neutral. Synonymous substi-
tutions were at least 12 (1/0.0809) times more frequent than
amino acid changes at any locus. Remarkably, 36 of the 37
polymorphic sites in ftsA were synonymous, and only a single
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TABLE 1. Origins of the 77 B. cereus group isolates examined by MLST

Strain ST Origin Analyzed
by MEE Strain ST Origin Analyzed

by MEE

EPI674 1 B. anthracis, heroin abuser,
muscle, Norway

NDa

Ames 1 B. anthracis Ames ND
NVH87 1 B. anthracis, bovine isolate,

Norway, 1987
ND

NVH93 1 B. anthracis, bovine isolate,
Norway, 1993

ND

7700 1 B. anthracis, Pasteur
Institute, Paris, France

Yes

AH 1293 2 Blood, Norway ND
AH 1294 2 Patient isolate, blood,

Norway
ND

AH 716 2 Patient isolate, pus,
Norway

Yesb

AH 889 2 Patient isolate, blood,
Norway

Yes

AH 75 3 B. cereus ATCC 10987 Yesb

AH 187 4 B. cereus F4810-72 Yes
AH 817 4 Patient isolate,

periodontitis, Norway
Yesb

AH 226 5 B. cereus ATCC 4342 Yesb

AH 230 6 B. cereus ATCC 21282 Yes
AH 251 7 B. thuringiensis subsp.

kenya
Yes

AH 267 8 Patient isolate, Norway Yes
AH 403 9 Dairy, Finland Yesb

AH 407 10 Dairy, Finland Yesb

AH 408 11 Dairy, Finland Yesb

AH 572 12 Soil, Moss, Norway Yesc

AH 519 12 Soil, Moss, Norway Yesc

AH 536 12 Soil, Moss, Norway Yesc

AH 542 13 Soil, Moss, Norway Yesc

AH 546 14 Soil, Moss, Norway Yesc

AH 547 15 Soil, Moss, Norway Yesc

AH 553 16 Soil, Moss, Norway Yesc

AH 607 17 Dairy, Norway Yesb

AH 614 18 Dairy, Norway Yesb

AH 627 19 Soil, Sætereng, Norway Yesc

AH 632 20 Soil, Sætereng, Norway Yesc

AH 663 20 Soil, Brekkvasselv, Norway Yesc

AH 641 21 Soil, Sætereng, Norway Yesc

AH 645 22 Soil, Steigen, Norway Yesc

AH 650 23 Soil, Steigen, Norway Yesc

AH 664 24 Soil, Brekkvasselv, Norway Yesc

AH 676 24 Soil, Tromsø, Norway Yesc

AH 675 25 Soil, Tromsø, Norway Yesc

AH 678 26 Soil, Tromsø, Norway Yesc

AH 681 27 Soil, Tromsø, Norway Yesc

AH 685 28 Soil, Tromsø, Norway Yesc

AH 718 29 Patient isolate, nose,
Norway

Yesb

AH 721 30 Patient isolate, urine,
Norway

Yesb

AH 726 31 Patient isolate, urine,
Norway

Yesb

AH 727 32 Patient isolate, pus,
Norway

Yesb

AH 728 33 Patient isolate, urine,
Norway

Yesb

a ND, not determined.
b See reference 12.
c See reference 11.

AH 810 34 Patient isolate,
periodontitis, Norway

Yesb

AH 811 35 Patient isolate,
periodontitis, Brazil

Yesb

AH 812 36 Patient isolate,
periodontitis, Norway

Yesb

AH 813 37 Patient isolate,
periodontitis, Brazil

Yesb

AH 816 37 Patient isolate,
periodontitis, Norway

Yesb

AH 818 37 Patient isolate,
periodontitis, Brazil

Yesb

AH 820 37 Patient isolate,
periodontitis, Norway

Yesb

AH 819 38 Patient isolate,
periodontitis, Norway

Yesb

AH 823 38 Patient isolate,
periodontitis, Norway

Yesb

AH 824 38 Patient isolate,
periodontitis, Norway

Yesb

AH 825 38 Patient isolate,
periodontitis, Norway

Yesb

AH 826 38 Patient isolate,
periodontitis, Norway

Yesb

AH 827 38 Patient isolate,
periodontitis, Norway

Yesb

AH 828 38 Patient isolate,
periodontitis, Norway

Yesb

AH 829 38 Patient isolate,
periodontitis, Norway

Yesb

AH 831 38 Patient isolate,
periodontitis, Norway

Yesb

AH 830 39 Patient isolate,
periodontitis, Norway

Yesb

AH 840 40 B. thuringiensis subsp.
thuringiensis 4A3

Yes

AH 1031 41 B. thuringiensis Bt407 Yes
AH 1123 42 Patient isolate, France Yes
AH 1127 43 Patient isolate, France Yes
AH 1129 44 Patient isolate, eye,

Oklahoma
Yes

AH 1131 45 Patient isolate, eye,
Oklahoma

Yes

AH 1132 46 Patient isolate, eye,
Oklahoma

Yes

AH 1135 47 Soil, France Yes
AH 1145 48 B. weihenstephanensis type

strain WSBC10204
Yes

AH 1247 49 Soil, 9779, Pasteur
Institute, Paris, France

Yes

AH 1270 50 Patient isolate, cervix,
Iceland

ND

AH 1271 51 Secretary lamp, university
hospital, Iceland

ND

AH 1272 52 Patient isolate, amniotic
fluid, Iceland

ND

AH 1273 52 Patient isolate, blood,
Iceland

ND

AH 923 53 B. cereus type strain ATCC
14579

Yes
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amino acid difference was observed in a single strain (AH 650)
for the entire ftsA-encoded protein alignment. This means that
virtually all of the variation in our ftsA data set is neutral.

Altogether, 53 unique STs were observed in the 77 isolates
(see Table 4), and 44 of the STs (83%) were identified only
once. The most frequent ST, ST 38, was found in nine (12%)
of the strains examined, and it was found exclusively in the
periodontitis strains (AH 819, AH 823 to AH 829, and AH
831) (Table 1). The five B. anthracis strains had identical alleles
at all seven loci (ST 1). The seven additional STs identified
more than once were ST 37 (four periodontitis patient isolates
from Norway and Brazil), ST 2 (four patient isolates from
Norway), ST 4 (B. cereus F4810-72 and a periodontal strain),
ST 52 (two patient isolates from Iceland), and ST 12, ST 20,
and ST 24 (three, two, and two soil isolates from Norway,
respectively).

Interestingly, even though B. anthracis strains did not have
the same ST as any other B. cereus group isolate, some B.
cereus strains (in particular, all isolates from patients except
AH 1135) shared one or more alleles with B. anthracis. Strains
AH 813, AH 816, AH 818, AH 820, AH 1123, AH 1127, and
AH 1135 had the same ftsA allele as B. anthracis; strain AH 267
had the same glpT allele; and strains AH 813, AH 816, AH 818,
and AH 820 had the same recF allele.

The allele frequencies for STs showed that for some loci
(adk, ccpA, ftsA, recF, and sucC), one or two alleles were
dominant in the population (with a frequency of 11 to 19%),
while for other loci (glpT and pyrE), the allelic distribution was
more even (data not shown). On average, the 53 STs differed
from each other at more than six of the seven loci studied
(average number of allelic mismatches, 6.8).

Clustering of the STs revealed three major groups (Fig. 1b).
In group I all isolates except AH 1131, AH 1272, and AH 1273
were from soil or dairy sources and joined the type strain of B.

weihenstephanensis. Group II contained a mixture of isolates
from patients, soil, and dairy sources, as well as the B. cereus
type strain, and group III contained almost exclusively B. an-
thracis and patient isolates, except for AH 75, AH 230, AH
226, and AH 1135.

Congruence and recombination analysis. To analyze
whether recombination events are frequent in the B. cereus
group, trees based on the total amount of nucleotide differ-
ences were constructed for each gene separately by using the
NJ method and Kimura’s two-parameter model (UPGMA
trees based on observed numbers of nucleotide differences had
similar shapes [data not shown]). Incongruence among gene
trees would indicate that there had been frequent recombina-
tion. For all genes, lineages could be divided into two major
clusters, clusters I and II, corresponding to the groups identi-
fied by MEE (11–13). Strains belonging to cluster I differed
from strains belonging to cluster II at all seven loci. The mean
sequence divergence between clusters I and II was 0.061 sub-
stitution per site (for concatenated sequences), whereas the
within-group average sequence divergence values were 0.025
and 0.013 substitution per site for clusters I and II, respectively.
Both major clusters included nearly the same isolates in all
dendrograms; the few exceptions were related most noticeably
to strains AH 1272 and AH 1273 (ST 52) and strain AH 1247
(ST 49), which clustered either within cluster I or within cluster
II or between the two groups depending on the gene examined
(Fig. 2). AH 1247 (ST 49) joined cluster I once (for glpT) and
cluster II once (for pyrE) and five times was outside the two
clusters. AH 1272 and AH 1273 (ST 52) grouped within cluster
I for two loci (glpT and pyrE), within cluster II for two loci (adk
and ccpA), and between the two clusters for three loci. AH 627
(ST 19) grouped within cluster II for pyrE only. Furthermore,
as Fig. 2 shows, cluster II was divided into four subclusters,
clusters IIa, IIb, IIc, and IId, for each locus. Basically, a given

TABLE 2. Primers used for PCR amplification and sequencing of B. cereus group housekeeping genes

Gene Forward primer Reverse primer Annealing temp (°C)

adk 5�CAGCTATGAAGGCTGAAACTG3� 5�CTAAGCCTCCGATGAGAACA3� 57
ccpA 5�GTTTAGGATACCGCCCAAATG3� 5�TGTAACTTCTTCGCGCTTCC3� 59
ftsA 5�TCTTGACATCGGTACATCCA3� 5�GCCTGTAATAAGTGTACCTTCCA3� 57
glpT 5�TGCGGCTGGATGAGTGA3� 5�AAGTAAGAGCAAGGAAGA3� 52
pyrE 5�TCGCATCGCATTTATTAGAA3� 5�CCTGCTTCAAGCTCGTATG3� 57
recF 5�GCGATGGCGAAATCTCATAG3� 5�CAAATCCATTGATTCTGATACATC3� 59
sucC 5�GGCGGAACAGAAATTGAAGA3� 5�TCACACTTCATAATGCCACCA3� 59

TABLE 3. Genetic diversity at the seven loci examined in this study

Locus Fragment length
(bp)a

No. of polymorphic
sitesb

% of variable
nucleotide sites

No. of
alleles

Avg G � C
content (%) Avg dN/dS ratio Avg distance between

allelesc

adk 450 (648) 55 (36) 12.2 27 38.5 0.0809 0.031 (0.012)
ccpA 418 (996) 67 (48) 16.0 38 36.1 0.0454 0.034 (0.014)
ftsA 401 (1,299) 37 (36) 9.2 25 41.4 0.0024 0.023 (0.014)
glpT 330 (1,347) 86 (62) 26.1 40 44.8 0.0494 0.080 (0.040)
pyrE 404 (630) 60 (45) 14.9 40 40.3 0.0328 0.023 (0.009)
recF 470 (1,125) 110 (77) 23.4 33 34.0 0.0420 0.072 (0.043)
sucC 504 (1,158) 85 (67) 16.9 34 36.7 0.0378 0.040 (0.017)

a The numbers in parentheses are total lengths of the genes.
b The numbers in parentheses are numbers of synonymous polymorphic sites.
c Percentage of nucleotide differences. The numbers in parentheses are standard deviations.
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subcluster for the most part contained the same isolates, and
there were a few additional or missing strains depending on the
locus analyzed (detailed trees and/or compositions of the clus-
ters are available from us). Branching within and among the
groups was more variable.

The recovery of five similar clusters for all seven genes
suggests that the observed groups represent true genetic relat-

edness among the isolates and that the level of recombina-
tional exchange is low.

The IA was calculated to estimate the degree of association
and recombination between alleles at different loci based on
the allelic profile data. The IA computed by using all 77 isolates
was 3.54 (P � 0.001), indicating that there was significant
linkage disequilibrium, which suggests that there were limited

FIG. 1. Genetic relationships among 77 isolates of the B. cereus group. Strains were clustered by UPGMA applied to a distance matrix of
pairwise differences between allelic profiles. Alleles were identified either for entire gene fragments (Table 4) (a) or after fragments were split into
three equal-length parts (Table 5) (a). The scale bars indicate the percentages of mismatches between allelic profiles.
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recombinational events and a clonal population structure in
the B. cereus group. The IA was still significantly different from
zero when only one representative of each ST was included in
the computation, which removed bias due to taxonomic sam-
pling, although the IA was smaller (1.90; P � 0.001).

MLST versus MEE. The MLST and MEE results were com-
pared for the 67 strains that were previously analyzed by MEE
(11–13; Helgason, unpublished data).

Although only seven loci were examined by MLST, com-
pared to the 13 loci examined by MEE, the number of STs

FIG. 2. Phylogenetic relationships among 77 B. cereus group isolates inferred from individual genes. Trees were constructed by using the NJ
method applied to pairwise distances among strains, computed by using Kimura’s (19) nucleotide substitution model. Five groups of strains that
were recovered for each tree were designated I, IIa, IIb, IIc, and IId. For the sake of simplicity, strain designations and detailed relationships among
isolates within the groups are not shown (detailed trees and compositions of the clusters are available from us). For each of the five groups, the
numbers in parentheses indicate the number of missing isolates/number of additional isolates compared to the number of isolates in the adk tree,
and the numbers above the branches indicate bootstrap values, expressed as percentages (based on 1,000 replicates). In the adk tree, clusters I,
IIa, IIb, IIc, and IId contain 18, 8, 12, 13, and 14 strains, respectively. B. anthracis belongs to cluster IIc. Isolates AH 1272 and AH 1273 (ST 52)
and AH 1247 (ST 49), which cluster within cluster I, within cluster II, or between the two groups depending on the gene analyzed, are indicated
by an asterisk and a number sign, respectively. The scale bars indicate 0.005 nucleotide substitution per site.

196 HELGASON ET AL. APPL. ENVIRON. MICROBIOL.



identified by MLST (50 STs) was more than twice the number
of electrophoretic types (22 electrophoretic types) identified by
MEE for the 67 isolates. A cluster of 34 isolates that were not
distinguishable by MEE and thus had the same electrophoretic
type were resolved into 20 STs by MLST. Most of these iso-
lates, however, were part of the same MLST cluster. Dendro-
grams for MEE and MLST data were somewhat congruent in
that major clusters I and II (as well as a few other closely
related groups) were recovered by both methods. One differ-
ence is that the MLST dendrograms contained three main
clusters and that strains AH 536, AH 572, AH519, AH542, AH
553, AH 607, and AH 722, which were grouped in cluster I by
MEE, were grouped in cluster II by MLST (Fig. 3). The deep
branches for the clusters were not in agreement when the MEE
and MLST dendrograms were compared. The individual gene
trees based on nucleotide sequence comparisons were in
agreement with the main MEE clusters, clusters I and II.

Gene splitting. Since the results described above suggested
that recombination has only a weak overall impact on the
generation of diversity among strains, we split genes into three
regions that were the same length and assigned alleles sepa-
rately for each segment, thus taking into account differences in
the distribution of mutations and variable sites. (The diver-
gence did not increase; it decreased, and splitting grouped
together strains that were completely different before. Rather,
splitting took into account where the differences were in a gene
[, i.e., in which part of the gene].) Note that splitting did not
change the STs. Examination of the split allelic profiles re-

vealed some relationships among isolates that were not seen
when whole gene fragments were used to assign alleles. For
example, AH 226 (ST 5) and AH 810 (ST 34) had no allele in
common (Table 4); however, after gene splitting their genetic
distance was 38% (Fig. 1b and Table 5), which is more similar
to the relatedness observed in the previous analysis in which
MEE was used (12). Phylogenetic clustering of split profiles
provided dendrograms that were much more highly resolved
than the standard MLST tree (compare Fig. 1a and b). Major
groups were conserved, and the trees were similar to those
obtained by concatenating all gene sequences together and
clustering strains based on total numbers of nucleotide differ-
ences (data not shown). Furthermore, MLST trees obtained by
using genes split into three parts had a resolution similar to or
higher than the resolution of trees constructed from MEE
data, while the standard MLST tree had more unresolved
branches.

DISCUSSION

In this paper, we describe development of an MLST scheme
based on seven housekeeping genes (adk, ccpA, ftsA, glpT,
pyrE, recF, and sucC) for molecular typing and population
genetic analyses of bacterial strains of the B. cereus group,
which includes B. anthracis, B. cereus, B. thuringiensis, and B.
weihenstephanensis. In an attempt to build a solid MLST tool
we focused on choosing a set of isolates covering the known
diversity of this bacterial group. The system which we devel-

FIG. 3. Comparison of MEE and MLST data for a subset of 67 B. cereus group isolates (out of the 77 strains used in this study). Both
dendrograms were generated by the UPGMA method from a matrix of coefficients of genetic distances. The scale bars indicate the percentages
of allelic differences between electrophoretic types for MEE and between STs for MLST. The MEE dendrogram was based on 13 enzyme loci as
described previously (11–13).
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oped is based on one primer pair for each gene to obtain PCR
products and sequence DNA from this phylogenetically diverse
group of bacteria. Genomic data for B. anthracis Ames (31), B.
cereus ATCC 14579 (15), and B. cereus ATCC 10987 (D. A.
Rasko et al., unpublished data) showed that these genetic loci
are scattered in different areas of the main chromosome. Al-
though three genes, sucC, pyrE, and ftsA, are close to each
other and have minimum intergenic distances of 47.2 and 24.5
kb, no annotated insertion sequence elements or transposons

were found in the area including these loci in the B. cereus type
strain and B. anthracis Ames genomes; thus, they are unlikely
to be involved in joint horizontal transfer of two or more loci.

For all seven loci, the amount of synonymous substitutions
was at least 12 times (1/0.0809) larger than the amount of
nonsynonymous substitutions, as shown by the low dN/dS ra-
tios (Table 3). This means that most of the observed variability
is selectively neutral at the protein level, which makes the loci
chosen suitable for MLST analysis (23). Remarkably, a single
nonsynonymous site was identified in the ftsA alignment. This
gene, which encodes a cell division protein, seems to be subject
to very high levels of purifying selection limiting changes in the
amino acid sequence. The average number of alleles per locus,
33.9, relative to the number of strains analyzed was much
higher than the numbers observed in several other bacterial
species studied by MLST, including N. meningitidis (23), S.
pneumoniae (7), C. jejuni (5), and E. faecium (14). For exam-
ple, 33.3 alleles per locus were identified in 194 isolates (155
STs) of C. jejuni, and only 25.1 alleles per locus were found in
295 S. pneumoniae strains (143 STs). The differences reflect the
great diversity of the isolates examined here and the extensive
diversity of this group of bacteria. The genetic variability within
the B. cereus group is high, not only in the DNA sequences but
also when the patterns of presence and absence of genes are
examined. The gene content varies between strains and is re-
lated to the phylogenetic structure of the group, as shown by
analyses of S-layer proteins (26), suppression subtractive hy-
bridization (30), and comparative genome hybridization (31).

In contrast, B. anthracis is monomorphic (10, 18, 32). Ac-
cordingly, not a single nucleotide polymorphism was detected
at any locus in the five B. anthracis isolates examined (Tables
4 and 5). The B. anthracis strains share one or two alleles with
a few other B. cereus strains at three loci, ftsA, glpT, and recF.
Interestingly, all but one (AH 1135) of the B. cereus strains that
share alleles with B. anthracis were isolated from patients (AH
813, AH 816, AH 818, AH 820, AH 1123, AH 1127, and AH
267), and four of these strains were isolated from patients
affected by periodontitis (Table 1). Besides the B. anthracis
lineage, a few B. cereus and B. thuringiensis isolates that have
the same ST (Fig. 1 and Table 1) were identified. Most of these
strains were isolated from patients and might be recently
emerged virulent types. Our study confirmed the overall ge-
netic relationships within this group of bacteria and that par-
ticular B. cereus and B. thuringiensis strains are more closely
related to B. anthracis than to any other B. cereus or B. thurin-
giensis strain. This fact has been used to support the contention
that B. anthracis, B. cereus, and B. thuringiensis should be con-
sidered members of the same species (13). The close relation-
ship of B. cereus and B. anthracis has recently been confirmed
on a genomic scale (15, 31).

Congruence analyses of sequence trees (Fig. 2), in which the
same five clusters were obtained in dendrograms for individual
genes, and examination of the association among loci in allelic
profiles (IA) suggested that genetic exchanges through recom-
bination may not have played a major role in generating the
diversity among the strains studied. The fact that the overall
structure of the MLST tree was conserved when genes were
each split into three equal-length segments further strengthens
this assumption (Fig. 1). These results indicate that the popu-
lation structure of the B. cereus group as a whole is clonal in

TABLE 4. Allele numbers at the seven loci assigned for entire
gene fragments

ST
Allele no. at the following loci:

adk ccpA ftsA glpT pyrE recF sucC

1 25 36 2 18 19 9 12
2 3 13 4 13 38 30 3
3 12 16 16 36 16 7 9
4 10 14 5 14 7 4 4
5 11 15 6 15 8 5 5
6 12 16 16 16 16 7 9
7 13 17 7 17 27 6 6
8 14 18 8 18 16 11 21
9 15 19 23 19 28 19 22
10 5 20 9 20 9 20 7
11 16 21 10 21 29 21 23
12 7 22 7 22 10 22 24
13 7 22 7 22 11 22 24
14 17 23 11 23 30 23 25
15 5 20 9 24 31 20 26
16 7 24 24 25 32 24 24
17 18 25 7 26 10 25 27
18 16 26 12 27 33 26 28
19 19 21 10 28 12 21 23
20 5 20 9 29 9 20 7
21 20 20 9 19 13 27 29
22 21 27 9 30 34 20 29
23 22 28 25 31 35 27 30
24 23 29 9 19 14 20 31
25 24 20 9 29 9 20 7
26 23 30 13 32 36 28 32
27 22 31 9 8 13 29 16
28 23 20 9 8 37 14 33
29 3 32 4 13 38 30 3
30 3 33 7 33 39 31 6
31 3 13 1 13 38 30 3
32 7 34 14 34 40 32 34
33 10 35 15 35 15 4 8
34 26 37 17 37 15 8 10
35 3 38 1 38 38 33 3
36 10 35 18 14 17 4 11
37 2 35 2 39 18 9 1
38 10 35 18 14 7 4 11
39 27 35 16 40 16 7 9
40 10 14 5 36 7 4 4
41 1 1 1 1 20 10 13
42 2 2 2 2 1 11 14
43 2 3 2 3 2 1 1
44 3 4 1 4 3 12 15
45 4 5 3 5 4 2 2
46 3 6 1 6 21 13 3
47 2 7 2 7 5 1 1
48 5 8 9 8 22 14 16
49 6 9 19 9 23 15 17
50 7 10 20 10 24 16 18
51 8 11 21 11 25 17 19
52 9 12 22 12 26 18 20
53 3 13 4 13 6 3 3
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spite of extensive genetic diversity, in agreement with the conclu-
sions drawn from MEE studies (12). The main clonal groups
identified are the B. anthracis and B. cereus periodontal lineages.

For a weakly recombining population, splitting the genes
clearly increased the resolution of the dendrograms by cluster-
ing strains that were impossible to classify based on their sin-
gle-sequence profiles, and this might be a simple alternative to
increasing the number of genetic loci sequenced. Some groups
obtained by splitting genes may better reflect real genetic re-
lationships among strains, because conservation of different

parts of a sequenced fragment is taken into account. For ex-
ample, B. cereus strains AH 226 and AH 810, which clustered
at a genetic distance of approximately 0.2 in our MEE analysis
(12), were unrelated in the single-sequence tree (Fig. 1a).
However, they had two common regions in ccpA, ftsA, and pyrE
and a common region in adk and glpT (Table 5). All major
clusters in the triple-sequence tree (Fig. 1b) were supported by
bootstrap values greater than 90% when trees were based on
the total amounts of nucleotide differences between concate-
nated sequences.

TABLE 5. Allele numbers at the seven loci assigned after gene fragments were split into three equal-length parts

ST
Allele no. at the following loci:

adk ccpA ftsA glpT pyrE recF sucC

1 16, 2, 2 2, 2, 14 2, 2, 2 3, 3, 16 12, 8, 13 8, 1, 7 9, 1, 1
2 3, 3, 3 5, 13, 4 1, 4, 1 11, 4, 12 4, 3, 15 23, 3, 3 3, 3, 3
3 11, 9, 11 12, 16, 7 1, 14, 7 14, 13, 28 11, 1, 10 4, 5, 4 4, 9, 8
4 9, 8, 9 2, 14, 2 1, 5, 2 12, 3, 13 5, 1, 6 4, 4, 4 4, 4, 4
5 10, 2, 10 11, 15, 2 1, 6, 4 13, 12, 14 1, 4, 7 5, 1, 5 5, 5, 5
6 11, 9, 11 12, 16, 7 1, 14, 7 14, 13, 15 11, 1, 10 4, 5, 4 4, 9, 8
7 12, 3, 3 13, 13, 8 1, 1, 5 15, 4, 4 11, 1, 20 6, 3, 3 6, 6, 3
8 13, 2, 2 2, 17, 9 2, 7, 1 3, 3, 16 11, 1, 10 8, 1, 1 1, 17, 1
9 14, 10, 12 14, 18, 10 5, 8, 6 16, 14, 7 15, 15, 6 16, 8, 10 12, 18, 14
10 5, 5, 5 14, 8, 5 4, 8, 6 16, 15, 17 6, 1, 6 17, 8, 10 7, 7, 6
11 14, 10, 13 15, 19, 5 5, 9, 6 17, 16, 18 16, 15, 6 18, 13, 15 17, 19, 14
12 7, 7, 7 16, 20, 2 1, 1, 5 18, 17, 19 7, 5, 8 19, 14, 16 18, 15, 12
13 7, 7, 7 16, 20, 2 1, 1, 5 18, 17, 19 7, 5, 9 19, 14, 16 18, 15, 12
14 1, 3, 14 17, 21, 11 1, 10, 1 19, 18, 20 4, 16, 21 9, 15, 17 19, 20, 10
15 5, 5, 5 14, 8, 5 4, 8, 6 20, 14, 7 17, 17, 22 17, 8, 10 20, 18, 15
16 7, 7, 7 18, 20, 2 1, 18, 5 21, 9, 21 7, 5, 23 19, 14, 18 18, 15, 12
17 7, 7, 15 19, 22, 2 1, 1, 5 22, 17, 10 7, 5, 8 19, 14, 19 21, 15, 12
18 14, 10, 13 15, 23, 5 5, 11, 6 23, 19, 22 18, 1, 6 20, 8, 15 22, 21, 14
19 14, 10, 16 15, 19, 5 5, 9, 6 17, 20, 23 8, 1, 10 18, 13, 15 17, 19, 14
20 5, 5, 5 14, 8, 5 4, 8, 6 16, 15, 24 6, 1, 6 17, 8, 10 7, 7, 6
21 5, 11, 17 14, 8, 5 4, 8, 6 16, 14, 7 9, 6, 6 11, 8, 20 12, 18, 6
22 5, 12, 18 14, 24, 5 4, 8, 6 16, 14, 25 9, 18, 6 17, 8, 10 12, 18, 6
23 5, 11, 5 14, 8, 12 4, 8, 11 6, 21, 7 9, 19, 6 11, 8, 20 23, 18, 14
24 5, 13, 5 20, 8, 5 4, 8, 6 16, 14, 7 10, 7, 6 17, 8, 10 24, 22, 6
25 15, 5, 5 14, 8, 5 4, 8, 6 16, 15, 24 6, 1, 6 17, 8, 10 7, 7, 6
26 5, 13, 5 21, 8, 5 6, 8, 6 16, 14, 26 9, 6, 24 21, 16, 21 24, 22, 16
27 5, 11, 5 22, 8, 5 4, 8, 6 6, 7, 7 9, 6, 6 22, 8, 10 12, 13, 6
28 5, 13, 5 14, 8, 5 4, 8, 6 6, 7, 7 19, 20, 25 11, 8, 10 12, 18, 17
29 3, 3, 3 23, 13, 4 1, 4, 1 11, 4, 12 4, 3, 15 23, 3, 3 3, 3, 3
30 3, 3, 3 24, 4, 1 1, 1, 5 24, 1, 4 20, 21, 11 24, 3, 3 6, 6, 3
31 3, 3, 3 5, 13, 4 1, 1, 1 11, 4, 12 4, 3, 15 23, 3, 3 3, 3, 3
32 7, 7, 7 18, 25, 2 7, 12, 5 25, 22, 27 7, 1, 8 25, 14, 18 25, 15, 12
33 9, 8, 9 2, 2, 13 1, 13, 7 26, 3, 13 1, 4, 11 4, 4, 4 4, 8, 7
34 17, 2, 2 25, 15, 2 8, 6, 4 27, 13, 14 1, 4, 11 7, 6, 6 8, 10, 9
35 3, 3, 3 23, 6, 4 1, 1, 1 1, 4, 12 4, 3, 15 26, 3, 3 3, 3, 3
36 9, 8, 9 2, 2, 13 1, 15, 7 12, 3, 13 5, 1, 12 4, 4, 4 4, 9, 4
37 2, 2, 2 2, 2, 13 2, 2, 2 3, 3, 29 2, 8, 13 8, 1, 7 1, 1, 1
38 9, 8, 9 2, 2, 13 1, 15, 7 12, 3, 13 5, 1, 6 4, 4, 4 4, 9, 4
39 18, 14, 9 2, 2, 13 1, 14, 7 14, 23, 28 11, 1, 10 4, 5, 4 4, 9, 8
40 9, 8, 9 2, 14, 2 1, 5, 2 14, 13, 28 5, 1, 6 4, 4, 4 4, 4, 4
41 1, 1, 1 1, 1, 1 1, 1, 1 1, 1, 1 8, 9, 14 9, 3, 8 10, 11, 10
42 2, 2, 2 2, 2, 2 2, 2, 2 2, 2, 2 1, 1, 1 8, 1, 1 1, 12, 1
43 2, 2, 2 2, 3, 3 2, 2, 2 3, 3, 3 2, 2, 1 1, 1, 1 1, 1, 1
44 3, 3, 3 3, 4, 1 1, 1, 1 1, 4, 4 3, 1, 2 10, 3, 3 11, 3, 3
45 4, 4, 4 4, 5, 2 3, 3, 3 4, 5, 5 4, 1, 3 2, 2, 2 2, 2, 2
46 3, 3, 3 5, 6, 4 1, 1, 1 1, 1, 4 13, 10, 15 3, 7, 9 3, 3, 3
47 2, 2, 2 2, 7, 3 2, 2, 2 5, 6, 6 1, 1, 4 1, 1, 1 1, 1, 1
48 5, 5, 5 6, 8, 5 4, 8, 6 6, 7, 7 9, 11, 16 11, 8, 10 12, 13, 6
49 6, 6, 6 7, 9, 5 9, 16, 8 7, 8, 8 4, 12, 17 12, 9, 11 13, 14, 11
50 7, 7, 7 8, 10, 2 1, 1, 9 8, 9, 9 7, 1, 18 13, 10, 12 14, 15, 12
51 7, 2, 4 9, 11, 6 1, 1, 2 9, 10, 10 14, 13, 19 14, 11, 13 15, 15, 13
52 8, 3, 8 10, 12, 5 10, 17, 10 10, 11, 11 6, 14, 6 15, 12, 14 16, 16, 14
53 3, 3, 3 5, 13, 4 1, 4, 1 11, 4, 12 4, 3, 5 3, 3, 3 3, 3, 3
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In this study we focused on finding DNA sequences that
were relatively easy to amplify by PCR. In the chromosomal
area from approximately 90° to 250°, it was difficult to amplify
DNA of all isolates with the same primers. This might be
because the sequence variability in this area is even higher than
that found near oriC (31) and might imply that the level of
genetic diversity of the B. cereus group is even higher than that
estimated by this study. This phenomenon is also known in
other bacterial species. In Pseudomonas aeruginosa there are
indications that there is an increasing gradient in the genomic
diversity from the origin of replication (34), and in E. coli and
Salmonella genes close to the replication terminus exhibit 50%
higher divergence at synonymous sites than genes near the
replication origin exhibit (27).

MLST provided greater discrimination than MEE. For ex-
ample, only one MLST allele (ccpA allele 35) (Table 4) was
found in two periodontal groups, ST 37 (AH 813, AH 816, AH
818, AH 820) and ST 38 (AH 819,AH 823, AH 824, AH 825,
AH 826, AH 827, AH 828, AH829, AH 831 38), whereas MEE
analysis showed that all periodontal isolates were identical
(12). However, the MLST data were still consistent with a
clonal population structure with geographically widespread
and potentially highly virulent clones, such as the B. anthracis
clone and a number of B. cereus clones associated with disease
in humans (12, 13).

Strains AH 1272 and AH 1273 provide an interesting exam-
ple. These two isolates possess the same ST (ST 52), which is
completely different from all other STs observed in our data set
(Fig. 1 and Table 4). AH 1272 and AH 1273 were isolated from
two different patients 1.5 years apart in two different buildings
of the same hospital in Iceland (Table 1). AH 1293 and AH
1294 were isolated from contaminated blood and from a pa-
tient who received the contaminated blood, respectively. Both
isolates were ST 2 isolates, as were two other patient isolates
from Norway. Furthermore, these strains are closely related to
two other patient isolates, AH 718 (ST 29) and AH 726 (ST
31), as well as to the B. cereus type strain. Thus, MLST should
be a useful tool for confirming the source of an infection.

MLST also could be helpful for selecting isolates of B. thu-
ringiensis with high biopesticide potential but low risk as human
pathogens. It could also be used to detect isolates that may be
potential human pathogens. The discrimination level is convinc-
ing when we look at isolates AH 817 and AH 831. These two
isolates were not distinguishable by MEE but had different
pulsed-field gel electrophoresis profiles when they were digested
with different enzymes (12). When MLST was used, strains AH
817 (ST4) and AH 831 (ST38) were distinguished because they
had two different, but still closely related, STs (Fig. 1).

We believe that we have developed a robust MLST scheme
that is suitable for the highly diverse B. cereus group; it has
high-resolution power, its results are in agreement with results
obtained previously by MEE, and it detects clonal lineages
represented by isolates from different sources that might be
virulent. This scheme should therefore significantly contribute
to a better understanding of the population structure of the B.
cereus group.
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